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 In RAN1_89a., the following simulation assumptions has been agreed for 1 symbol UL short PUCCH with 1 or 2 bits payload
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· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.
· No more short-PUCCH format is supported for short-PUCCH in the WID scope.

In this contribution, we express our views on 1 symbol short PUCCH design with 1 or 2 bits of payload with simple extension to 2 symbols. 
Discussion
In RAN1_89a, it’s been agreed as working assumption that for short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported. Option 4 is the sequence based design. In the Appendix, we have shown significant performance gain with option 4 compared to option 1 alternative. We therefore propose to confirm the working assumption:
Propose 1: confirm the following working assumption:
· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.

For RB allocations, we may have either localized or disjoint RB allocation. Disjoint RB allocations will degrade both PAPR and MPR compared to localized RB allocations. In [2], we have shown that up to 8dB MPR may be present in some scenario. For example, given the modulation is QPSK for 1-symbol PUCCH, suppose the whole system bandwidth is 20Mhz which is equivalently 100RBs following LTE numerology, we will have MPR of 8dB. This MPR of 8dB will easily offset the diversity gain of the non-contiguous PRB allocation. Therefore, we can see that non-contiguous PRB allocation actually hurts PUCCH performance in this case. We therefore make the following proposal:
Propose 2: For short-PUCCH with UCI of up to 2 bits (with/without SR), support only localized RB allocations.
In the next sub-section we will describe our proposed design for option 4 which when maximizing the Euclidian distance between different hypothesis, also creates an equivalent FDM structure with DMRS tones in frequency domain. 
Proposed design: Option 4 with unified FDM and sequence design
The detailed design is as follows. Consider a base sequence with length N in frequency domain as X(0,…N-1), where X may be a low PAPR sequence, e.g., a Chu sequence or CGS sequence. For 1 bit UCI, The ACK/NACK hypothesis sequences may be chosen with shift distance N/2 in between. Without losing generality, the two hypothesis sequences may be 
X1 = X
And 
X2 = X*exp(j*π*[0:N-1]) 
As illustrated in the following figure, the two sequences have exactly the same values every other tone while the other tones are the opposite to each other. This means that our designed hypothesis sequences have an equivalent DMRS structure. Every other tone may be used for channel estimation and noise estimation. So our design should have the identical demod performance as coherent design as option 1 with extra benefit that the transmitted symbols still have low PAPR properties. 
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Seq.1                                 seq. 2             
Figure 1. Illustration of equivalent DMRS tones with sequence based ACK design for 1 bit
The design can be further extended to 2 ACK bits where we need 4 hypothesis sequences with minimum shift distance maximized as N/4. We will have equivalent DMRS tones every 4 tones as illustrated in the following figure.
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Seq. 1                       Seq. 2                        Seq. 3                       Seq. 4
Figure 2. Illustration of equivalent DMRS tones with sequence based ACK design for 2bit

Receiver algorithm:
For 2 bits of ACK, the equivalent DMRS ratio is ¼, which may be insufficient in channels with large delay spread. However, a careful examination of the 4 sequences tells us that between seq. 1 and seq. 2, every other tone is identical. The same holds between seq. 3 and seq. 4. Therefore, the receiver may do the following:
· Divide the 4 hypotheses into 2 groups, each of which has an equivalent DMRS ratio 1/2. 
· For each group, do 
· channel and noise estimation with ½ of the tones as DMRS. 
· Coherent combing is then applied to the data tones to get a final metric. We get 2 metrics from each group corresponding to the 2 hypotheses in the group. 
· Among the total 4 metrics, a decision is made for the hypothesis with the maximum metric as the detected sequence. 
· DTX is declared if the maximum metric is less than a threshold.

The threshold is chosen so that the DTX to ACK error rate is 1%. With this receiver, we can still have channel estimation accuracy with ½ DMRS ratio but with slight complexity increase since channel and noise estimation is done twice for each of the groups. Later simulation results will confirm that our design has significant performance gain in all scenarios, sometime about 3dB gain, over option 1 FDM based alternative even with large delay spread. 
Comparing with other sequence based designs, our design has the benefits of maximizing the minimum shift distance between hypothesis as well as the ability of coherent detection. In the Appendix please find the comparison of our proposed design with option 1 alternative. Based on performance, we propose to 
Proposal 3: Adopt the sequence design with maximized minimum shift distance for 1 or 2 bits UCI in UL short duration. 
· The minimum shift distance is chosen as the sequence length divided by the number of hypothesis

Extension to 2bit ACK + SR
A UE may need to transmit 2bit ACK together with SR.in 1 symbol short PUCCH. The simultaneous transmission of ACK and SR may happen often when we have constant DL traffic. Therrefore a good design is desired. Since both ACK and SR are high priority channels, it’s desirable to have the design of ACK + SR with as large coverage as possible. Since sequence based design has better coverage than FDM based design, we want to extend option 4 to 2 bit ACK + SR as well. There are different options to do so. We now discuss the pros and cons of different options. 
Option A: different shifts for the 2 bit ACK+SR
A straight forward extension for the sequence based design is to use total 8 shifts for the combined UCI. With 1RB, the minimum shift distance of the hypothesis will be limited to 1, which is insufficient in fading channel with moderate or high delay spread. A better option may be transmitted in two RBs and then we will have minimum shifts distance 3. The shift sets of 2 bits ACK for SR=0 and SR=1 may be interlaced as illustrated in Figure 3. 
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Figure 3 option A with different shifts for 2 bit ACK+SR
When the UE misses the grant, it will only transmit SR on the original SR resource. So if positive SR is detected in the original SR resource when gNB is expecting ACK + SR on ACK resource, the receiver may declare DTX for ACK channel. When no sequence detected in both original SR resource and ACK resource, the gNB receiver may declare DTX for ACK and negative SR. So considering the original SR resource, we in total needs 9 resources for option A: 1 sequence in 1 RB for original SR, and 8 sequences in 2 RBs for 2bit ACK + SR. However, since we have signals on both RBs, we may have slightly better channel estimation compared to option B. The gain may be offset by the Euclidian distance loss though. 
The problem with option A are in two folds:
1) First, Option A requires two extra RBs apart from the original SR resource in order to have acceptable shift distance. 
2) Second, even with 2RBs, the Euclidian distance between different hypothesis is smaller than the ensuing option B due to power split between the 2 RBs. Option B requires comparable number of resources but gives larger Euclidian distance and hence we expect better performance than option A. 

Option B 2RBs with RB selection based on SR value
With 2 RBs, we may transmit the 2bit ACK on one RB with negative SR and on the other RB with positive SR. For positive SR, the RB may be the same as original SR RB as illustrated in Figure 4a as option B1, or different from the original SR RB as illustrated in Figure 4b as option B2. 
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Figure 4a. option B1 with total 8 resources for 2bit ACK and SR
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Figure 4b. option B2 with total 9 resources for 2bit ACK and SR

For option B1, we need one less resource than option B2 because the shift for original SR may be reused for simultaneous transmission. However, in doing so, we will not be able to detect DTX for positive SR. Furthermore, in order to support option B2, at least the shift opposite to the original SR shift can’t be assigned to other UEs for SR transmission even when the desired UE transmits SR by itself. So it requires at least two resources for SR only transmission.
For option B2, we need 2 extra RBs apart from the original SR RB. So the total number of resources required for simultaneous transmission of 2bit ACK and SR is 9. However, we will be able to do DTX detection for positive SR and the original SR resource requires one resource only for SR only transmission. 
The following table compares the Euclidian distance between option A and option B with the same total transmit power within the 1 symbol. It can be observed that option B has larger Euclidian distance than option A because it doesn’t need to split power between the 2 RBs, and hence better performance is expected. Please note that in the Euclidian distance analysis, we didn’t include the original SR resource. The first Euclidian distance including DTX will determine ACK to DTX error, or miss SR error. Since the two options have the same distance, it means that option A and B are comparable in terms of miss SR error or ACK to DTX error.  The second Euclidian distance excluding DTX will determine NACK to ACK error, and ACK to NACK error. Since option B has larger second Euclidian distance, we expect both ACK error (combination of ACK to DTX and ACK to NACK error), and NACK to ACK error for option B to be less than option A.

Table 1. Euclidian distance comparison of option A and option B
	Euclidian distance
	Option A
	Option B

	Including  DTX as hypotheis
	Sqrt (12)
	Sqrt(12)

	Excluding DTX as hypotheis
	Sqrt(15)
	Sqrt(24)




 Observation: option B gives larger Euclidian distance than option with comparable required resources.
Option C: parallel transmission in adjacent RBs
Another option to support simultaneous transmission of 2bit ACK and SR is to treat the two channels as individual channel and transmit them in parallel in adjacent RBs as illustrated in Figure 5. With adjacent RBs we may reduce both MPR and PAPR of the concatenated sequences. Option C offers simple TX and RX implementation and only requires 1 RB with 4 resources to transmit ACK. However, the performance may be worse than option B due to power split between the two channels. Please note that the power split only happens for positive SR. when SR is negative, the UE may use all power on ACK transmission. 
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Figure 5 option C with parallel transmission in adjacent RBs
Option D: gNB scheduler avoidance
Besides the above options, another simple solution is when gNB find out a UE needs to transmit both 2bit ACK and SR simultaneously, it may reschedule the SR resource in the preceding PDCCH overriding the semi-statically configured SR resource. The newly dynamically allocated SR resource will occupy different OFDM symbols from ACK symbol. The new SR symbol may be in different symbol in short duration or some symbol in the long duration. Since SR is not delay sensitive, it may also be delayed to later slot if a new SR resource can’t be scheduled in current slot. With option D, we don’t need new channel design for 2bit ACK + SR and we can maintain the same coverage as each individual channel. The price to pay with option D is additional DCI overhead for rescheduling SR and the SR delay. When gNB envision a constant collision of SR and ACK symbols, for example in persistent self-contained transmission, it may also reconfigure the semi-static SR resource with RRC configuration. In terms of required resources, option D require one additional SR resource which is slightly higher than option C.
The following table compares the different options.



Table 2. comparison of different options
	Options 
	Pros 
	Cons 

	Option A
	Possibly better channel estimation with 2 RBs
	Worse performance than option B 

	Option B
	Better performance expected than option A and option C
May be slightly worse than option D
	Requires almost double additional resources than option C

	Option C
	Simple channel design
Requires least resources
	Possible PAPR increase
Reduced coverage due to power split

	Option D
	Simple channel design
Maintain the coverage
	DCI overhead
SR may be delayed



Based on the above comparison, we think option B and option D may be good candidates due to best coverage. We therefore make the following proposal:
Proposal 4: for simultaneous transmission of 2bit ACK and SR, consider the following options:
· Option B: 2 RB with RB selection based on SR values
· Option D: gNB scheduler avoidance

 Extension to other scenarios

As number of RB increases, the unified design can be easily generalized with use of Chu sequences as the base sequences which has a close form expression. However, FDM based design still needs to do computer search. In option 1 design, the number of tables as well the sizes to be specified will always scale with number of allowable RBs. The need of a large RB allocations for ACK channel may arise when the UEs are close to cell edge when inter-cell interference may be damaging the performance. With larger RB allocations, the inter-cell interference may be better suppressed with higher processing gain. 

The unified design can also be extended to the case when ACK or SR bits need to be multiplexed with SRS. Let X1 now be the SRS sequence when no ACK bits are to be transmitted, which include the scenario when UE misses the grant and so DTX at UE side. Let 1 bit ACK and NACK hypothesis sequences be 

X2 = X1 exp(j*2π/3*[0:N-1])
And 
X3 = X1*exp(j*4π/3*[0:N-1]) 
As illustrated in the following figure, we now have three hypothesis sequences with minimum shift distance maximized as N/3. And every 3rd tones can be used as DMRS tones for channel estimation and noise. 
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Figure 6. Illustration of equivalent DMRS tones with sequence based ACK design for 1 bit ACK + SRS

Conclusions
In this contribution, we considered different aspects of 1 or 2 bit UCI in 1 symbol short PUCCH. In last RAN1 meeting #89a, it’s been agreed as working assumption that for short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported. Option 4 is the sequence based design. In the Appendix, we have shown significant performance gain with option 4 compared to option 1 alternative. We therefore propose to confirm the working assumption:
Propose 1: confirm the following working assumption:
· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.

Propose 2: For short-PUCCH with UCI of up to 2 bits (with/without SR), support only localized RB allocations.
Our proposed sequence based design maximize the Euclidian distance between hypothesis and also creates equivalent DMRS structure in frequency domain. We therefore propose:
Proposal 3: Adopt the sequence design with maximized minimum shift distance for 1 or 2 bits UCI in UL short duration. 
· The minimum shift distance is chosen as the sequence length divided by the number of hypothesis

Our sequence based design may be extended to simultaneous transmission of 2 bits ACK and SR with different options. After comparing different options, we make the following proposal for best coverage:
Proposal 4: For simultaneous transmission of 2bit ACK and SR, consider the following options:
· Option B: 2 RB with RB selection based on SR values
· Option D: gNB scheduler avoidance

Appendix
Proposed design compared with option 1 alternative

Option 1 with FDM based alternative: 
The FDM based alternative has a fix ½ DMRS ratio for both 1 and 2 bits. For 1 bit, the data tones are modulated with BPSK so the equivalent structure is the same as ours for the two hypotheses (see Figure 1). For 2 bit of ACK, the data tones are modulated with QPSK symbols. The signals can be further scrambled with a scrambling sequence Y to randomize interference with other cells as well as to reduce PAPR. Y may either be a single sequence or an interlace of two sequences for DMRS and data tones separately. The latter corresponds to UCI modulated with sequences. No matter how sequence Y is generated, after descrambling the data tones are modulated with the same QPSK symbol. The following figure illustrates the equivalent structure for this option 1 for 2 bits of ACK. 
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Seq. 1                       Seq. 2                        Seq. 3                       Seq. 4
[bookmark: _GoBack]Figure 7. Illustration of FDM OFDM design with ½ DMRS ratio for 2bit

We compare the our unified FDM/sequence based designs in section 2.1 with the option 1 alternative in the following aspects
Link performance

For 1 bit of UCI, since the two designs have equivalent structures, they have comparable link performance as well. 

For 2 bit of UCI, our design in section 2.1 maximize the Euclidian distance between the hypotheses, while the option 1 FDM design has smaller Euclidian distance due to repetition in data tones. The following table summarizes the Euclidian distance between the two designs.

Table 3. Euclidian distance comparison
	
	unified design as Figure 2
	Option 1 alternative as Figure 3

	Euclidian distance per RB
	Sqrt(24)
	Sqrt(12)



With the receiver described in section 2.1, the unified design will have comparable channel estimation quality as the FDM design. Therefore, with the Euclidian distance advantage, the unified design can achieve significant performance gain in all scenarios, sometime about 3dB gain, over option 1 FDM based alternative even with large delay spread.

In RAN1 #89, the agreed simulation assumptions also include 2 dis-contiguous RBs. We think this scenario has a few issues including channel estimation loss due to separate channel estimation for the two RBs, PAPR loss, and large MPR. Please refer to [2] for the issues related to dis-contiguous RBs.  Furthermore, the relative comparison between the two designs will still hold in dis-contiguous RB allocations. Since for small delay spread, the two dis-contiguous RBs will provide very limited diversity but still produces above side effects, we think 2 dis-contiguous RB assignment will not give appealing improvement in most cases. A better scheme to have diversity is to adding more Rx antennas or with transmission on two symbols with frequency hopping. We therefore believe that the selection of the ACK design should be mainly based on comparison with 1 or 2 contiguous RBs. 

The simulation results are summarized in the following tables:


Table 4. Operating SNR comparison of 2 bits with 1 RB assignment with coherent detection
	
	15KHz tone spacing
	60KHz tone spacing

	
	30ns
	300ns
	1000ns
	30ns
	300ns
	1000ns

	Our design
	6.9dB
	6.6 dB
	6.9dB
	7.8 dB
	6.7 dB
	6.2 dB

	FDM design
	9.6dB
	9.5 dB
	9.8dB
	10.1 dB
	8.9 dB
	8.7 dB

	gain
	2.7dB
	2.8dB
	2.9dB
	2.3 dB
	2.2 dB 
	2.5 dB




The following table shows the performance with non-coherent receiver by doing time domain processing with IDFT. The same receiver is done for both our design and the FDM based design. We can see that the non-coherent receiver is at least comparable to the coherent receiver for our design. In channel with large delay spread channel or higher tone spacing, we may achieve around 1dB gain with non-coherent receiver. However as shown in Figure 7, non-coherent receiver incurs error floor in large delay spread. And the FDM design is worse with IDFT based non-coherent receiver in large delay spread channel because the equivalent sequences for different hypothesis are not orthogonal to each other in time domain.
Table 5. Operating SNR comparison of 2 bits with 1 RB assignment with non-coherent detection
	
	15KHz tone spacing
	60KHz tone spacing

	
	30ns
	300ns
	1000ns
	30ns
	300ns
	1000ns

	Our design
	7dB
	6.8dB
	6dB
	7dB
	6dB
	5dB (error floor)

	FDM design
	9.6dB
	9.8dB
	9dB
	10dB
	9dB
	9.5dB (error floor)

	gain
	2.6dB
	3dB
	3dB
	3dB
	3dB
	4.5dB



Table 6. Operating SNR comparison of 2 bits with 2 contiguous RB assignment with coherent detection
	
	15KHz tone spacing
	60KHz tone spacing

	
	30ns
	300ns
	1000ns
	30ns
	300ns
	1000ns

	Our design
	4.2 dB
	3.7 dB
	3.6 dB
	5.6 dB
	3.4 dB
	2 dB

	FDM design
	7.2 dB
	6.5 dB
	5.6 dB
	6.6 dB
	4.6 dB
	4 dB

	gain
	3 dB
	2.8 dB
	2 dB
	1 dB
	1.2 dB
	2 dB




Table7. Operating SNR comparison of 1 bit with 1 and 2 RB assignment with coherent detection
	
	15KHz tone spacing
	60Khz tone spacing

	
	30ns
	300ns
	1000ns
	30ns
	300ns
	1000ns

	1 RB (both designs)
	6dB
	6dB
	6dB
	7dB
	6dB
	5dB

	2 RBs (both designs)
	3.5dB
	3 dB
	2.8dB
	5dB
	2.5dB
	1.2dB



Based on the link performance we make the following observations
Observation 2: The unified FDM/sequence based design in section 2.1 is comparable to FDM alternative with ½ DMRS ratio for 1bit UCI. 
Observation 3: The unified FDM/sequence based design combined with the receiver design in section 2.1 offers significant gain compared to option 1 alternative in all scenarios for 2 bits of UCI. 
· With 1 RB assignment
· Close to 3dB for 15KHz tone spacing 
· More than 2dB gain for 60KHz tone spacing 
· With 2 contiguous RB assignment
·  2-3dB gain for 15KHz and 
· More than 1dB  for 60KHz 
· No error floor observed at high SNR even with large delay spread

PAPR comparison

Because the unified FDM and sequence design in section 2.1 uses cyclic shifts of the same base sequence for different hypothesis, the PAPR remains the same for all hypotheses. Therefore we only need to find low PAPR base sequences to maintain low PAPR for all hypothesese. Such sequences may be exhaustively searched with computer for small RBs, e.g., 1 or 2 RBs, or use Chu sequences for larger RBs. While for FDM based design, the PAPR of the two sequences will be different in general. To maintain the same low PAPR, a computer search is required with the constrains that both base sequences as well as the modulated sequences need to have low PAPR. Since any base sequences that’s good for FDM based design can also be applied to our design as well. Without the additional constraints on modulated sequences at data tones as in option 1, the unified design can always produce more base sequences with lower PAPR. With compute search for 1RB, we are able to find 30 sequences with 0.5dB lower PAPR than the 24 sequences given in [1] as summarized in the Table 4. The new 30 CGS sequences also has slightly better cross correlation as shown in Table 5. The detailed sequences are given in the Appendix.
Table 7. PAPR comparison between new CGS sequences and the sequences in [1]
	
	New 30 CGS sequences
	24 Sequences in [1]
	LTE sequences

	Mean PAPR
	2.4566
	2.9977
	3.2070

	Max. PAPR
	2.5500
	3.0707
	4.0914



Table 8. cross correlation comparison between new CGS sequences and the sequences in [1]
	
	New CGS sequences
	24 Sequences in [1]
	LTE sequences

	Corr. 95% tile:
	0.5
	0.5091
	0.4990

	Max. Corr.
	0.7071
	0.7440
	0.6755




We therefore make the following observation:
Observation 4: The unified FDM/sequence design in Section 2.1 can always produce more base sequences with lower PAPR than option 1.
· For 1 RB, we can find 30 sequences with PAPR 0.5dB better than the 24 sequences given in [1]
· Slightly better cross correlation as well


User multiplexing
In RAN1 #89, it has been agreed that the design of 1-symbol short-PUCCH for UCI of 1 or 2 bits should consider tradeoff among PAPR, A-to-N, N-to-A, and DTX-to-ACK performances, and UE multiplexing capacity. The real difference between the two designs are for 2 bits of UCI. With the unified design, we may at most multiplex 3 users per RB. Option 1 design might potentially multiplex 6 users at most. However, consider that the operating SNR of option 1 is already close to 10dB in some scenarios, multiplexing more than 3 users seems impractical due to user interference. Therefore, we make the following observation: 
Observation 5:  For option 1 with operating SNR close to 10dB, it’s impractical to multiplex more than 3 users. Error performance should be the most important factor to determine the designs for 1 or 2 bits of UCI. 
 
Link performance 
The following plots show the performance with 1RB assignment for 1bit and 2 bit with 60KHz tone spacing and 1000ns delay spread. The rest of the parameters are set according the simulation assumptions agreed in RAN1 #89. Coherent detection is applied to option 1 and the receiver in section 2.1 is used for the unified FDM/sequence design. We can see that no error floor is present in the unified design. The two designs give the same performance for 1 bit. There is 2.4dB gain achieved with the unified design over option 1 for 2 bits. Figure 7 shows the performance with non-coherent receiver by doing time domain processing with IDFT. The same receiver is done for both our design and the FDM based design. We can see that the non-coherent receiver has more than 1 dB gain over coherent receiver but incurs error floor in large delay spread. And the FDM design is worse with IDFT based non-coherent receiver because the equivalent sequences for different hypothesis are not orthogonal to each other in time domain.

[image: ]
Figure 5. Tri-state decoding performance with 1RB for 1 bit 60KHz tone spacing and 1000ns delay spread
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Figure 6. Tri-state decoding performance for 1RB and 2 bit with 60KHz tone spacing and 1000ns delay spread
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Figure 7.  Non-coherent Tri-state decoding performance for 1RB and 2 bit with 60KHz tone spacing and 1000ns delay spread
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Figure 8. Tri-state decoding performance for 1RB and 2 bit with 15KHz tone spacing and 30ns delay spread

The rest of the link performance plots are omitted here due to lack of space. Please refer to section 3 for detailed comparisons.
New CGS sequences
The following tables give the 30 new CGS sequences will offer 0.5dB lower PAPR than the 24 sequences given in [1].
Table 8. New 30 CGS sequences with low PAPR
	Sequence index
	

	PAPR (dB)

	[bookmark: _Hlk481486282]0
	-3    -3    -3    -3     1     1    -3    -3     1    -3     1    -3
	    2.1494

	1
	 -3     1    -3     1    -3    -3     1     1    -3    -3    -3    -3
	    2.1494

	2
	-3     1    -1     3     3    -1     1    -3    -3    -3    -3    -3
	    2.3349

	3
	-3     1     3    -1    -1     3     1    -3    -3    -3    -3    -3
	    2.3349

	4
	-3    -3    -3    -3    -3     1    -1     3     3    -1     1    -3
	    2.3349

	5
	-3    -3    -3    -3    -3     1     3    -1    -1     3     1    -3
	    2.3349

	6
	 -3     1     3    -3    -1    -1    -1    -3    -3     3    -1    -3
	    2.4072

	7
	 -3     3    -1    -3    -3     3     3     3    -3    -1     1    -3
	    2.4072

	8
	 -3    -1     3    -3    -3    -1    -1    -1    -3     3     1    -3
	    2.4072

	9
	 -3     1    -1    -3     3     3     3    -3    -3    -1     3    -3
	    2.4072

	10
	 -3     1     1     1     3    -3    -1    -3    -3    -3     1    -3
	    2.4753

	11
	 -3     1    -3    -3    -3     3    -3    -1     1     1     1    -3
	    2.4753

	12
	 -3     1    -3    -3    -3    -1    -3     3     1     1     1    -3
	    2.4753

	13
	-3     1     1     1    -1    -3     3    -3    -3    -3     1    -3
	    2.4753

	14
	-3     1    -1     3     3    -3    -3     3     3    -1     1    -3
	    2.5194

	15
	-3     1     3    -1    -1    -3    -3    -1    -1     3     1    -3
	    2.5194

	16
	-3     1    -1    -1     3     1     1     3    -1    -1     1    -3
	    2.5194

	17
	 -3     1     3     3    -1     1     1    -1     3     3     1    -3
	    2.5194

	18
	-3     3     1    -3    -1    -3    -1    -1    -1     3    -3    -3
	    2.5196

	19
	 -3    -1     1    -3     3    -3     3     3     3    -1    -3    -3
	    2.5196

	20
	-3    -3     3    -1    -1    -1    -3    -1    -3     1     3    -3
	    2.5196

	21
	 -3    -3    -1     3     3     3    -3     3    -3     1    -1    -3
	    2.5196

	22
	 -3     1    -1    -1     3     3    -3    -1    -1    -3    -1    -3
	    2.5435

	23
	 -3    -1    -3    -1    -1    -3     3     3    -1    -1     1    -3
	    2.5435

	24
	 -3     3    -3     3     3    -3    -1    -1     3     3     1    -3
	    2.5435

	25
	 -3     1     3     3    -1    -1    -3     3     3    -3     3    -3
	    2.5435

	26
	 -3    -1     1    -3     3    -3    -3     3    -1    -1    -1    -3
	    2.5500

	27
	-3    -1    -1    -1     3    -3    -3     3    -3     1    -1    -3
	    2.5500

	28
	-3     3     3     3    -1    -3    -3    -1    -3     1     3    -3
	    2.5500

	29
	-3     3     1    -3    -1    -3    -3    -1     3     3     3    -3
	    2.5500



The following plot show the cross correlations between the new 30 sequences with the 24 sequences given in [1] and the 30 LTE sequences. We can observe slight better cross correlation for the maximum cross correlation. 
[image: ]
Figure 9. Cross correlation comparisons between the new CGS sequences with LTE CGS sequences and CGS sequences in [1]
[bookmark: _Ref457730460][bookmark: _Ref450735844][bookmark: _Ref450342757]
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